The relationship between coronary flow reserve (CFR) and viability in the infarcted myocardium has not been fully clarified. We measured coronary blood flow velocity immediately after coronary intervention (with percutaneous transluminal coronary angioplasty [PTCA] or stenting) in 38 patients with previous myocardial infarction and preserved viability and 48 with angina pectoris. CFR was calculated and was similar between the two patient groups. No differences in the incidence of post-intervention CFR > 2.0 were detected; there were no differences in postintervention CFR between patients with preserved myocardial viability and those with angina pectoris who underwent PTCA. Coronary stenting reduced the percentage diameter stenosis in both groups compared with PTCA and slightly increased the post-intervention CFR. No differences were, however, detected in postintervention CFR between patients with preserved myocardial viability and those with angina pectoris who underwent additional stenting. These results reveal that in patients with preserved myocardial viability, post-intervention CFR was restored to values similar to those in patients with angina pectoris.
Introduction
Coronary angiography has been the standard method for evaluating coronary artery disease, but the technique has some limitations. One is that angiography provides no direct information about the effects of coronary stenosis on coronary haemodynamics, which affects ventricular function via the myocardial oxygen supply.
Coronary flow reserve (CFR), which is defined as the ratio of maximal coronary blood flow to resting coronary blood flow, has been extensively studied using the reactive hyperaemic response in animal experiments on the mechanisms of coronary flow regulation. 1, 2 In the clinical setting, intracoronary Doppler guide-wire has recently been applied to measure coronary blood-flow velocity and to evaluate the functional severity of coronary artery stenosis. 3, 4 Because the Doppler flow guidewire can measure flow velocity, CFR is defined as the ratio of maximal coronary flow velocity to resting coronary flow velocity. CFR, estimated by measuring coronary flow velocity using a Doppler flow guide-wire, has recently been used to evaluate the effects of coronary intervention. 4 -6 Coronary intervention to treat the culprit stenotic lesion is now widely applied for the treatment of acute myocardial infarction: it can salvage necrotizing myocytes in the infarct to varying extents, and infarcted myocardium treated with coronary intervention frequently shows some degree of viability. It is apparent that coronary vasculature is pathologically and physiologically changed after myocardial infarction. Coronary blood flow to myocardial infarcts with preserved viability is important. To examine whether or not the CFR is preserved in patients with preserved viability in infarcted myocardium is thus important with respect to ischaemic reattack. Few studies have examined CFR in patients with recent myocardial infarction, 7 -10 and conflicting results regarding the relationship of CFR to myocardial viability have been reported. In these studies, CFR was measured soon after myocardial infarction (when microvascular haemodynamics are thought to be unstable) and the reserve was analysed in patients with acute myocardial infarction, and was not compared with that in patients with non-infarcted myocardium. The relationship between CFR and viability in myocardial infarction, especially in old myocardial infarction, has thus not been fully clarified. Accordingly, in patients who underwent coronary intervention, we compared the CFR in patients with preserved viability in previous myocardial infarct with that in patients with angina pectoris.
Patients and methods

PATIENTS
Coronary blood flow velocity was measured in patients who underwent coronary intervention by means of coronary angioplasty or coronary stenting. Some (the infarct group) had previously had a myocardial infarction (about 4 weeks earlier) with preserved viability in the myocardial infarct and others (non-infarct group) had angina pectoris. Patients in the infarct group had been admitted more than 12 h after the onset of typical retrosternal pain and did not undergo reperfusion therapy. Myocardial infarction in the acute phase was diagnosed based on typical chest pain, ST-segment elevation greater than 0.1 mV in more than two leads on 12-lead electrocardiography, and the elevation of both creatine kinase and its isoenzyme MB to more than twice the upper limit of the normal range. In patients in the infarct group, the culprit lesion was not totally occluded and coronary intervention was done 21 -40 days (mean ± SD: 30 ± 6 days) after the onset of myocardial infarction, when the pathological processes of myocardial infarction seem to be almost completed. 11 Coronary intervention in both groups comprised either percutaneous transluminal coronary angioplasty (PTCA) or coronary stenting. The patients studied were therefore subdivided into PTCA groups (PTCA infarct group and PTCA non-infarct group) and stenting groups (stent infarct group and stent non-infarct group). Coronary flow reserve and viability in infarcted myocardium Informed consent to participate in the present study was obtained from each patient, and the study was approved by the Institutional Ethics Committee for Human Research (at each hospital), under the guidance for clinical studies of the Helsinki Declaration of 1975 as revised in 1997.
CARDIAC CATHETERIZATION
The patients' medications were continued until the time of cardiac catheterization. At the beginning of cardiac catheterization, all patients were given 100 IU/kg of heparin intravenously, and additional heparin was given if the procedure lasted longer than 90 min. Coronary angiography was done using multiple views by the standard percutaneous transluminal method with a femoral approach.
QUANTITATIVE CORONARY ANGIOGRAPHY
The angiographic severity (lumen diameter at stenosis) of the target lesion was measured by quantitative coronary angiography (QCA) with an automated counter detection algorithm (Super DF Series, Digital Fluorography System, Toshiba, Tokyo, Japan). Reference absolute diameter was obtained from the diameter of the guiding catheter. Two orthogonal projections of the coronary artery lesion during the end-diastolic phase were used to perform biplane analysis of the minimal lumen diameter and the percentage diameter stenosis of the coronary stenosis.
MEASUREMENTS OF CORONARY STENOSIS AND FLOW VELOCITY
Coronary blood flow velocity was determined by Doppler flow measurements using a Doppler angioplasty guide-wire (Flowire, Cardiometrics Inc., Mountain View, CA, USA). Isosorbide dinitrate (2.5 mg) was injected into the coronary artery immediately before the measurement of coronary flow velocity to prevent coronary vasomotor changes. After on-line assessment of the baseline average peak velocity (APV), maximal coronary dilation was induced by administration of an intracoronary bolus of adenosine triphosphate (ATP: 50 µg in the left coronary artery; 30 µg in the right coronary artery). Average peak velocity (APV) measured by the Doppler flow guide-wire was determined for measurements of coronary flow velocity reserve (CFR), and CFR was calculated as the ratio of APV under maximal coronary vasodilation to APV under resting conditions.
The lower limit of the normal range for CFR has been reported as 2.0 12,13 or approximately 2.5. 14,15 Incidences of CFR > 2.0 and CFR > 2.5 were determined in each group.
ASSESSMENT OF VIABILITY OF MYOCARDIAL INFARCT
Stress-redistribution thallium scintigraphy
Some patients in the infarct group underwent symptom-limited bicycle exercise testing according to a standardized, multistage protocol. After 2 min of nonloading bicycling, patients started the test with a 25-W load that was increased by 25 W every 2 min. Twelve-lead electrocardiogram data, heart rate and blood pressure were recorded every minute during exercise and at 1 min, 3 min, 4 min and 5 min after exercise. The test was stopped when the following symptoms occurred: 3 mm horizontal STsegment depression, progressive fall in systolic blood pressure of more than 20 mmHg, ST-segment elevation or arrhythmia. A positive test was defined as more than 1 mm horizontal or down-sloping ST-segment depression in three successive complexes. At peak exercise, thallium-201 (111 MBq) was injected intravenously and images were taken 15 min later. Rest images were taken Coronary flow reserve and viability in infarcted myocardium
Rest-redistribution thallium scintigraphy
The remaining patients in the infarct group underwent the thallium-201 rest-redistribution test. Early images were obtained 15 min after injection of thallium-201 (111 MBq). Redistribution images were obtained 4 h after the thallium injection.
Imaging protocol
Thallium-201 images were acquired using a tomographic gamma camera with a highresolution low-energy parallel collimator (Starcam 300 XC-T, GE Medical Systems, Milwaukee, WI, USA). Projection images were corrected for 45 s each at 6 o increments over 180 o circular orbits from 45 o right anterior oblique to 45 o left posterior oblique. The collected images were reconstructed by filtered back projection with a Butterworth filter combined with a Wiener filter. Vertical long-axis, short-axis and trans-axis images (6 mm/pixel) were extracted from the reconstructed volume. Data were stored on a computer.
ANALYSIS OF PERFUSION SCANS
Scoring of thallium-201
The three sets of vertical long-axis images, short-axis images and transverse-axis images were acquired, each composed of 14 slices. Each tomographic image was divided, according to anatomical landmarks, into the six regions of anterior, septal, inferior, posterior, lateral and apical. Early and delayed images of thallium-201 uptake in each division were evaluated visually by two investigators who were not aware of any clinical or angiographic characteristics of the patients. The inter-and intra-observer reliability were assessed. The thallium-201 uptake in each division was graded as: 0, uptake not reduced compared with that in normal controls; 1, mildly reduced uptake; 2, severely reduced uptake; and 3, complete or almost complete absence of uptake.
Quantitative analysis of thallium-201 uptake
Using an automated computer procedure, average thallium-201 tracer activity within each segment was calculated as the total of the normalized counts of the pixels included within the segment divided by the pixel number. The segment with maximal activity was then normalized to 1.00, and the activity of the other segments was expressed as a percentage of the peak activity segment. The difference (reversibility) between thallium-201 percentage activity during redistribution and that during rest was calculated and expressed as a percentage of the rest value.
Determination of myocardial viability
Redistribution was defined as positive when > 1 grade increase in thallium-201-uptake score was observed by visual inspection. In quantitative analysis, reversibility was defined as positive when > 50% thallium-201 uptake was detected in the redistribution image. Viability of the myocardium was then judged to be present when positive rest-or stress-redistribution, or > 50% thallium-201 uptake in the delayed image was observed.
STUDY PROTOCOL
Isosorbide dinitrate (2.5 mg, intracoronary) was administered every 30 min throughout the procedure. A Doppler guide-wire was introduced across the coronary stenosis before the angioplasty to obtain an optimal and stable baseline and ATP-induced maximal coronary blood flow velocity signals. The balloon catheter was advanced over the Doppler guide-wire at the coronary lesion. Balloon inflations of 30 -60 s duration were performed until an angiographically satisfactory result was achieved after a waiting time of 10 min. A successful balloon angioplasty was defined when the percentage diameter of the stenosis was reduced to < 30% by visual assessment. In cases where A Takaishi, K Iwasaki, T Murakami et al.
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suboptimal results were produced by PTCA, additional coronary stents (Palmaz-Schatz ® , Johnson & Johnson Medical, Arlington, TX, USA) were implanted under the guidance of the same flow guide-wire. Angiography was done after successful PTCA or stent implantation. Baseline and ATP-induced maximal coronary blood flow velocity measurements were done at the same location distal to the dilated segment.
STATISTICAL ANALYSIS
To study the differences in angiographic and Doppler measurements, we used Student's paired t-test. To compare the indices in the infarct group with those in the non-infarct group, we used Student's unpaired t-test. To compare the percentage diameter stenosis of the target region with CFR between the infarct and non-infarct groups, the Mahalanobis distance with ellipse of constant distance was used. All values are expressed as mean ± SD, and P-values < 0.05 were considered significant.
Results
The total number of patients enrolled in the study was 86 (mean ± SD, 63 ± 10 years of age; range 48 -76 years). There were 38 patients who had previously had a myocardial infarction and 48 patients had angina pectoris. Coronary intervention was with PTCA in 61 patients and with coronary stenting in 25 patients. Characteristics of each group are shown in Table 1 .
In the infarct group, 26 patients underwent symptom-limited bicycle exercise testing while the remaining 12 patients in that group underwent the thallium-201 restredistribution test. Table 2 summarizes the results of angiographic and coronary flow velocity measurements in the infarct and non-infarct groups. QCA showed that there were no differences in actual lumen diameter of the lesion before the coronary intervention between the infarct and non-infarct groups. Similarly, APV under resting conditions before the coronary intervention did not differ between the infarct and non-infarct groups. The actual lumen diameter and percentage diameter of the coronary stenotic lesions were increased by coronary intervention, and these diameters did not differ significantly between the infarct and non-infarct groups after the intervention. APV under resting conditions in the infarct group after coronary intervention also did not differ significantly from that in the non-infarct group.
COMPARISON OF INFARCT AND NON-INFARCT GROUPS
There were no significant differences in CFR before or after the coronary intervention between the infarct and non-infarct groups. Moreover, the incidences of CFR > 2.0 and CFR > 2.5 after the intervention did not differ significantly between the infarct and noninfarct groups. Figure 1 shows the relationship between the percentage diameter stenosis of the target region and CFR in the infarct and non-infarct groups. The relationship could not be fitted to an exponential decay curve, of the type shown in textbooks of coronary physiology, in either of the groups. 2 When the relationship was compared using Mahalanobis' distance with an ellipse of constant distance, no difference in the relationship was seen between the infarct and non-infarct groups.
COMPARISON OF PTCA INFARCT AND PTCA NON-INFARCT GROUPS
In patients who received only PTCA, no differences in angiographic measurements (actual and percentage diameter of the lesion) were observed between the infarct and non-infarct groups before or after the PTCA (Table 3) . Similarly, no significant differences 32.0 ± 13.5 P < 0.01 DS, diameter stenosis; CFR, coronary flow velocity reserve; APV, average peak flow velocity; MPV, maximum peak flow velocity. a There were no significant differences in parameters after intervention between the infarct and non-infarct groups. 
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in APV under resting conditions or in CFR were found between the PTCA infarct and non-infarct groups before or after the PTCA.
COMPARISON OF STENT INFARCT AND STENT NON-INFARCT GROUPS
In both the stent infarct and stent noninfarct groups, the actual lumen diameter stenosis and percentage diameter stenosis of the target lesion decreased and CFR increased significantly after coronary angioplasty, and improved further after coronary stenting (Table 4) . APV was increased after coronary angioplasty. No additional increment of APV was observed.
No differences in angiographic measurements (actual diameter stenosis) were observed between the infarct and non-infarct groups before or after the stenting. No significant differences were observed in APV or CFR between the infarct and non-infarct groups before or after the stent implantation.
COMPARISON OF PTCA AND STENTING IN THE INFARCT AND NON-INFARCT GROUPS
In patients with preserved viability of the myocardium after infarction, adjunctive coronary stenting significantly increased CFR (Table 4 ; P < 0.01). Similarly, in patients with angina pectoris, coronary stenting significantly increased CFR (Table 4 ; P < 0.01). In the infarct group, the incidence of CFR > 2.5 was 42% (5/12) after stenting (Table 4 ) and 31% (8/26) after PTCA (Table 3 ; P < 0.05). Similarly, in the non-infarct group, the incidence of CFR > 2.5 was 46% (6/13) after stenting ( Table 4 ) and 31% (11/35) after PTCA (Table 3 ; P < 0.05). Tables 3 and 4 represent different groups of patients which is why the PTCA results are different.
Discussion
This study shows that in patients with preserved viability in the previously infarcted myocardium, CFR was restored to values similar to those found in patients with angina pectoris. This indicates that coronary vasculature in previous myocardial infarction with preserved viability maintains a vasodilative function similar to that in patients with angina pectoris.
Viability of infarcted myocardium was judged to be present when rest-or There were no significant differences in parameters after PTCA between the infarct and non-infarct groups. There were no significant differences in parameters after stenting between the infarct and non-infarct groups. Coronary flow reserve and viability in infarcted myocardium stress-redistribution (visual judgement), or > 50% thallium-201 uptake in late image acquisition, was observed. Dilsizian et al. 16 compared redistribution thallium-201 scintigraphy images with positron emission tomography images using ( 18 F)fluorodeoxyglucose and ( 16 O)water and showed that both positive rest-and stress-redistribution in thallium-201 scintigraphy indicates the viability of myocardium with high accuracy. Similarly, rest-and stress-redistribution in thallium-201 scintigraphy has been demonstrated to indicate the reversibility of the dyssynergic segment of the myocardium after coronary intervention. 17, 18 The criteria for determining myocardial viability in this study were essentially the same as in previously reported methods, and were therefore valid. The values of APV under the resting condition before intervention in the noninfarct group were completely consistent with previously reported findings. 6, 19 Similarly, the APV under the maximal coronary dilation before the intervention was consistent with previous results. 9 The CFR before intervention in patients with angina pectoris was also similar to the values previously reported. 6,20 These baseline data indicated that the methods used for measuring coronary flow velocity and patient selection were appropriate, and that the present results can thus be compared with those of other reports. Many factors influence CFR, including haemodynamic factors, left ventricular hypertrophy, diabetes mellitus, hypercholesterolaemia, hypertension and variable coronary stenosis geometry. 21 -28 In this study, arterial pressure was within the coronary autoregulatory range and did not differ before and after the coronary intervention, and arterial pressure did not affect the measurements of CFR. 21 Studies using cardiac pacing have shown that CFR does not decrease until the heart rate exceeds 120 beats/min. 29 All patients examined in our study had a heart rate < 120 beats/min before and after the intervention, and therefore the results were not affected by heart rate. The proportion of patients with left ventricular hypertrophy, diabetes mellitus, hypercholesterolaemia and hypertension did not differ significantly between the infarct and non-infarct groups, so the results were not affected by these factors.
Conflicting results regarding the relationship between CFR and myocardial viability have been reported. 7 -10 Our findings are consistent with previous findings concerning the relationship between CFR and both myocardial viability and left ventricular remodelling. 7,10 Only two studies have compared CFR in patients with old myocardial infarction with that in patients with angina pectoris. 9, 30 No significant correlation of CFR with myocardial viability was reported. Beygui et al. 8 and Claeys et al. 9 did not find a significant relationship between CFR and residual viability in patients with acute myocardial infarction. Their findings were inconsistent with our results. In their studies, patients with myocardial infarction underwent coronary angioplasty at a relatively early phase after the onset of myocardial infarction. Our patients with myocardial infarction underwent coronary intervention about 1 month after the onset of acute myocardial infarction, when the pathological processes of myocardial infarction are nearly complete. 11 Recent studies have revealed that CFR after myocardial infarction is most severely impaired early after reperfusion and improves gradually over 6 months, suggesting that impairment of CFR is mediated by a process of microvascular stunning that is partially reversible over time. 19, 31, 32 Our finding that the relationship between the percentage diameter stenosis and CFR did not show exponential Coronary flow reserve and viability in infarcted myocardium decay is in agreement with reported findings. Differences in the length of time between the onset of myocardial infarction and intervention might account for the difference between previous results and ours. Myocardial viability was confirmed in all our patients with myocardial infarction, but the study of Claeys et al. 9 included patients without viability by Tcsestamibi scintigraphy. Studies using positron emission tomography showed that regional blood flow is lower in non-viable than in viable regions. 33, 34 Differences in patient selection criteria might thus also explain the differences between their results and ours.
Impairment of CFR occurs in about 50% of cases after coronary angioplasty and in about 20% after coronary stenting. 32, 35 There are several possible causes for this impairment: (i) Inadequate lumen expansion; (ii) Diffuse microvascular spasm due to release of humoral factors from denuded endothelial cells, plaque or damaged blood elements; (iii) Alterations in haemodynamic parameters after intervention; (iv) Increase in baseline flow that would obscure significant changes in the hyperaemic/baseline flow ratio; (v) Plaque fracture causing distal microembolism with a rise in intramyocardial resistance; (vi) Microvascular stunning or chronic impairment of microvascular response. 4 -6,36 -40 After the intervention, the percentage lumen diameter stenosis of the lesion was acceptably small. A sufficient dose of isosorbide dinitrate was administered intracoronarily immediately before the coronary flow measurement in every case to prevent changes in vasomotor tone. We also waited at least 15 min before coronary flow measurement after coronary intervention to allow the return of baseline APV values to the steady state. The haemodynamic condition was not changed after coronary intervention, therefore the CFR obtained in our study was not affected by lumen diameter, coronary spasm or haemodynamic condition. Our study did not deal primarily with the mechanism by which CFR was not normalized after coronary intervention. Increased baseline flow or impaired microvascular response might, however, account for the relatively low CFR after coronary intervention even though the coronary stenotic lesion was dilated sufficiently.
Some limitations of our study are apparent. The first of these is the relatively small number of patients, particularly in the stent group. The Doppler indices were very similar between the two groups, however, so increasing the number of patients should not make a significant difference. Secondly, because viability was judged by two different methods, stress-and rest-redistribution thallium scintigraphy, quantitative correlation between CFR and extent of thallium-201 could not be evaluated. One report 41 found that individuals with the same final thallium content in the infarcted myocardium with preserved viability showed different functional recovery. The quantitative relationship between thallium uptake and extent of viability has, therefore, not been fully clarified, although theoretically it is reasonable to assume that CFR may correlate with extent of thallium uptake in the infarcted myocardium; one report 10 showed a significant correlation between CFR at the acute phase of myocardial infarction and thallium uptake. Our study did not provide data for evaluation of the quantitative relationship between CFR and thallium uptake, so further discussion of this issue is inappropriate.
In summary, our results showed that CFR in infarct patients with preserved myocardial viability did not differ from that in patients with angina pectoris, and that CFR mainly depended on the severity of coronary artery stenosis.
